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SUMMARY 

A series of condensation polylmldes based on pyromellltlc dianhydride was 
synthesized and evaluated for potential application at 371 °C. Several three- 
and four-ring benzenold diamine systems containing oxygen bridging groups were 
Investigated In this study. Thermomechanical analysis of neat resin specimens 
Indicated that the polylmlde prepared from the dimethyl ester of pyromellltlc 
acid ( PMDE) and 2 , 2 -b 1 s[ 4 -( 4 '-am 1 nophenoxy)phenyl ]-7 ,1 ,1 ,3,3,3-hexaf luoro- 
propane ( BDAF ) was the only resin system which had a glass transition tempera- 
ture (Tg) above 371 °C. The Tg of the PMOE/BDAF polylmlde was found to be 
390 °C after a postcure In air at 371 °C for 24 hr. Unidirectional composites 
were fabricated from the PMDE/BDAF system and unsized Cellon 6000 graphite 
fibers. Final cure temperatures In the range of 371 to 427 °C with an applied 
pressure of 10.34 to 13.78 MPa were Investigated. The void content of the 
composites ranged from 4.6 to 8.6 percent. Composites cured at 399 °C under a 
pressure of 10.34 MPa and postcured In air at 371 °C for 24 hr exhibited the 
highest 371 °C Interlaminar shear strength (ILSS, 40.7 MPa) and flexural 
strength (758 MPa). The thermo-oxidative stability of the composites was 
determined by subjecting specimens co Isothermal exposure at 371 °C In air at 
atmospheric pressure, as well as a pressure of 0.52 MPa. Specimens exposed at 
atmospheric pressure exhibited a weight loss of 12 percent after 200 hr of 
exposure and 88 percent retention of Its original 371 °C ILSS. In contrast, 
the specimens exposed at 0.52 MPa pressure exhibited a comparable^welght loss 
after only 72 hr, and a 71 percent retention of Its original 371 °C ILSS. 

Based on the results of this study, It appears that the PMDE/BDAF polylmlde 
system has potential as a composite matrix resin for continuous exposure In 
air at 371 °C and atmospheric pressure up to 200 hr. However, the service 
life at 371 °C and elevated air pressures appears to be limited to 48 to 
72 hr. 


INTRODUCTION 

Studies conducted at NASA Lewis Research Center led to the development of 
a class of readily processable polylmldes known as PMR polylmldes (refs. 1 
and 2). The commercially available version known as PMR-15 has gained a wide 
acceptance as a matrix resin In fiber-reinforced composites for high perform- 
ance structural applications ( ref. 3). The development of PMR-15 has made It 
posslDle to extend the upper use temperature limit of fiber-reinforced compo- 
site materials to 316 °C. However, It would be highly desirable tojdentlfy 
matrix resins with an even higher temperature capability up to 371 °C. A 
previous study (ref. 4) has shown that It Is difficult to obtain PMR-15 resins 
havlny a glass transition temperature (Tg) In the 37i °C range, even after 
extensive postcure. The purpose of this study was to synthesize and Identify 




condensation type polylmldes having potential as matrix resins for applications 
at 371 °C and air pressures up to 0.5 MPa. 

The approach taken In this study was to synthesize a series of condensa- 
tion polylmldes based on pyromellltlc dianhydride (PMDA). Because of Its rigid 
structure, PMDA can be expected to confer high Ig values to a polylmlde struc- 
ture. However, to avoid processing problems due to excessive rigidity In the 
polylmlde molecular structure, It was felt to be necessary to use flexlblll zed 
vomatlc structures for the diamine component of the polylmlde. 

A series of neat polylmlde resins was synthesized from the dimethyl ester 
of pyromellltlc acid ( PMDE) and multi-ring aromatic diamines containing ether, 
as well as other connecting groups. The resins were screened for their Tg 
values and thermo-oxidative stability. One resin system, prepared from PMDt 
and 2, 2-bl s[ 4 (4' -ami nophenoxy) phenyl ]-l ,1 ,1 , 3,3,3-hexaf luoropropane ( BDAF) , 
was selected for composite evaluation. Unidirectional composites, using 
unsized Cellon 6000 graphite fiber, were compression-molded at temperatures 
ranging from 371 to 427 °C and pressures ranging from 10.34 to 13.78 MPa. 
Short-term mechanical properties at room temperature and 371 °C were deter- 
mined. Composite weight loss and mechanical property retention characteristics 
as a function of exposure time at 371 °C In air at both atmospheric pressure 
and a pressure of 0.52 MPa were also determined. 


RESULTS AND DISCUSSION 
Resin Screening Study 

In theory, the polylmldes prepared from pyromellltlc dianhydride (PMDA) 
and rigid aromatic diamines without connecting groups (such as p-phenylene- 
dlamlne or 2,6-dlamlnoriaphthalerie) should exhibit a combination of high glass 
transition temperatures (Tg) and excellent thermo- oxldatl ve stability. 

However, In the fabrication of fiber-reinforced composite components, the pro- 
cessability of the matrix resin plays an Important role. Monomer combinations 
such as those mentioned above exhibit an extremely limited resin flow during 
the fabrication cycle, making It very difficult to fabricate high-quality, 
low-void composites. To Improve the processing characteristics. It Is neces- 
sary to flexlblllze the diamine portion of the polymer by Introduction of con- 
necting groups between two or more aromatic rings. 

In this study, a series of ether-modified, flexlblllzed diamines was syn- 
thesized according to the scheme outlined In figure 1. The disodium salt of a 
blsphenol was reacted with p-chloronltrobenzene In refluxing N ,N-d1methylace- 
tamlde to yield the dlnltro compound, which was then hydrogenated to the cor- 
responding diamine In N,N-d1methylformam1de solution, using Raney N1 as the 
catalyst. The monomers used In this study are listed In table I. It should 
be noted that the diamine BDAF was first synthesized by TRW under a NASA con- 
tract (ref. 5), and Is now commercially available. The three-ring diamines 
PBAB and MBAB contain two oxygen bridges between the phenyl rings to provide 
flexibility to the molecular structure. In addition to two oxygen bridges, 
the four-ring diamines BDAF, BDAP, BOAS, and BDAO also contain a third bridging 
group. 
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Molding powders were prepared from PMDE and each of the diamines listed 
In table I. Neat resin specimens were compression-molded using a final cure 
pressure of 13.78 MPa and a temperature of 399 °C. Well consolidated resin 
moldings were obtained In each case except from the PMOE/PBAB combination, 
which exhibited a large number of voids. When this resin was molded at a pre- 
I ssure of 17.23 MPa, th° void content was diminished, but not entirely ellml- 

r nated. It appears that the PMDE/PBAB combination provides a rigid molecular 

structure which prevens adequate resin flow during fabrication. 

Table II shows Tg values of the resins before and after postcure In air 
at 371 °C, as well as weight loss data after exposure at 371 °C. As expected, 
postcuring for 24 hr Increased the Tg values of the resins. The Increase was 
40 to 60 °C, except for the PMOE/BDAF resin, where the Increase was 96 °C. It 
Is Interesting to note that postcure times longer than 24 hr conferred no sig- 
nificant Increase In Tg for any of the resins. It can be seen that the resins 
prepared from the four ring diamines BDAP, BDAS, and BDAO exhibited the lowest 
Tg values, ranging from 318 to 330 °C. This Is not unexpected since each dia- 
mine contains three f lexlbl 1 1 zing groups. The three-ring diamine MBAB, which 
contains only two f lexlbl 1 1 z 1 ng groups and a meta orientation on the central 
phenyl group, expectedly confers an Increase In Tg to 334 °C, compared to 
318 # C for Its four-ring homolog BDAO. The more linear Isomer PBAB, which Is 
completely para, confers a further Increase In Tg to 357 °C. The above trends 
thus follow an expected pattern. However, the resin from the diamine BDAF 
exhibits an anomalously high Tg value, compared to the resins from the other 
four-ring diamines. Molecular models Indicate that the central hexaf luorolso- 
propyl Idene group In BDAF Is relatively rigid compared to the central linking 
groups In the three other four ring diamines. This rigidity would be expected 
to confer a higher fg value to the PMOE/BDAF polymer. In addition, It Is pos- 
sible that the presence of the hexaf luorolsopropylldene group allows an effic- 
ient pathway for oxidative crosslinking during cure and postcure at high 
temperatures. One possibility Is that cleavage of the C-CF 3 bond produces a 
very stable radical which can readily react with other crosslinking sites In 
the polymer molecule. It Is more likely, however, that crosslink formation 
occurs by cleavage of the C-0 bonds and subsequent coupling of the phenyl ether 
portions of the polymer chain. This type of crosslinking mechanism was founo 
to occur when poly-N,N ' -(4,4 1 -dlphenylether Jpyromel 1 1 tlmlde film was exposed 
In air at 400 °C (ref. 6). It Is speculated that the stronger electron- 
withdrawing character of the hexaf luorolsopropylldene group In BDAF promotes a 
more efficient oxidative crosslinking mechanism, compared to the central brid- 
ging groups In BDAP, BDAS, and BDAO. 

It can be seen In table II that based on Tg values the only polymer with 
potential for 371 °C applications Is the polylmlde prepared from PMDE/BDAF . 

This resin also exhibited the lowest weight loss after exposure In air at 
371 °C for 72 hr. Based on these considerations, It was selected for 
composite evaluation studies. 



Composite Fabrication and Evaluation 

Unidirectional composites were compression-molded, using the PMDE/BDAF 
monomer combination and unsized Cellon 6000 graphite fiber. In the Initial 
studies a final cure temperature of 371 °C was employed at two different 
molding pressures: 10.34 and 13.78 MPa. Some properties of the composites 
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are shown In table III. It should be noted that the Interlaminar shear 
strength (ILSS) values are quite low. For comparison, the room temperature 
ILSS values of Cellon 6000/PMR-15 polylmlde composites are In the 110 to 
120 MPa range (ref. 7). The low ILSS values can at least partly be attributed 
to the high void content of the composites. The higher cure pressure of 
13.78 MPa did not Improve the composite properties. It can be speculated that 
cure temperatures higher than 371 °C may be necessary to achieve Improved 
resin consolidation and to minimize the void content. Consequently, further 
experiments were performed, using final cure temperatures of 359 and 427 °C. 

The Tg values, void content, and short-term mechanical properties of the com- 
posites are shown In table IV. It can be seen that the void content of the 
two composites was lower than that of the composites cured at 371 °C (see 
table III). The values ranged from 4.6 to 5.0 percent, and are within the 
void content range expected for state-of-the-art condensation type polylmlde 
composites. It Is Interesting to note that the Tg values of the composites 
appear to be a linear function of the final cure temperature, and are well 
above the potential 371 °C use temperature. The Tg values shown In table III 
and IV were achieved after a free-standing postcure In air at 371 °C for 24 hr. 
Postcure times beyond 24 hr did not further Increase the Tg values. This Is 
In agreement with the Tg data measured for neat resin specimens (see table II). 

The room temperature mechanical properties are still somewhat lower than 
those of Cellon 6000/PMR-15 composites, but exhibit significant improvement 
compared to those of the composite cured at 371 °C. The short-term 37] "C 
mechanical properties are also very respectable. Since this study represents 
only the first effort In composite fabrication using the PMDE-BOAF matrix 
resin. It Is likely that further optimization of the cure cycle would result 
In a lower void content and Improved mechanical properties. 

Next the attention was focused on compos'te mechanical property retention 
after exposure at elevated temperatures. The two composites (cured at 399 and 
427 °C) were exposed at 371 °C In flowing air at both atmospheric pressure and 
a pressure of 0.52 MPa. The weight loss characteristics of the composites are 
shown In figure 2. The exposure was terminated when the specimens exhibited a 
loss of 11 to 12 percent of their original weight. At this point there was 
considerable degradation of the composite surface, as exhibited by the pres- 
ence of loose fibers. It can be seen that the rate of degradation for the 
specimens exposed at a pressure of 0.52 MPa was considerably faster than that 
at atmospheric pressure. The mechanical property retention characteristics of 
the composites after exposure In air at 371 °C at atmospheric pressure and a 
pressure of 0.52 MPa are shown In figures 3 to 5. Several points should be 
noted. At both air pressures the composite cured at 427 °C exhibited a lower 
level of ILSS (fig. 3) and flexural strength (fig. 4) throughout the exposure 
time compared to the composite cured at 399 °C. It Is quite possible that 
some degradation of the polymer matrix occurs during curing at 427 °C, leading 
to chain scission and lowering of the mechanical properties of the composite. 
The flexural modulus values of both composites (fig. 5) were closely comparable 
at each exposure condition. Another point to be noted Is that both composites 
exhibited a very good retention of their mechanical properties on exposure at 
371 °C In air at atmospheric pressure. After 192 hr the composites retained 
72 to 83 percent of their Initial 371 °C ILSS, 70 to 71 percent of the flexural 
strength, and 85 to 88 percent of the Initial flexural modulus values. When 
the composites were exposed at an air pressure of 0.52 MPa, the decrease of 
the mechanical properties paralleled the rapid rate of weight loss. After 
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72 hr of exposure at this condition, the composites exhibited a 50 to 65 per- 
cent retention of their original ILSS, a 60 to 64 percent retention of the 
flexural strength, and a 80 to 83 percent retention of the flexural modulus. 

Based on the above composite evaluation studies, It appears that the 
PMDE-BDAF matrix resin Is a viable candidate for composite applications 
requiring continuous exposure In air at 371 °C. 


EXPERIMENTAL 

Monomers 

The monomers used In this study are shown In table I. The PMDE was syn- 
thesized according to the procedure outlined In reference 8. The synthetic 
scheme for the diamines used In this study Is outlined In figure 1. A typical 
synthesis procedure Is as follows: a three-neck flask equipped with a Nj, 

Inlet, a magnetic stirrer, and a Dean-Stark trap was charged with 4,4'-d1l:ydro 
xydlphenyl ether (20.2 g, 0.1 mole), N,N-d1methylacetam1de (192 ml), toluene 
(75 ml), NaOH (9.0 g, 0.225 mole), and H 2 O (4 ml). The mixture was heated 
to reflux, and the H 2 O was removed by azeotropic distillation until the pot 
temperature reached 150 °C. Next, p-chloronltrobenzene (39.4 g, 0.25 mole) 
was added, and the mixture was stirred at gentle reflux for 24 hr. The mix- 
ture was cooled to room temperature and poured Into crushed Ice. The brown 
product was collected by filtration, washed with H 2 O and dried at 75 °C to 
yield 39.9 g of crude product. Crystallization from acetone gave 29.4 g 
(66 percent) of purified dlnltro compound, mp 144 to 146 °C. A mixture of the 
dlnltro compound (28.86 g, 0.065 mole), N,N-d1methylformam1de (120 ml), and 
Raney N1 catalyst (approximately 5 g) were shaken In a Parr apparatus under 
0.345 MPa of H 2 for 48 hr. The mixture was filtered, and the filtrate was 
warmed on a hot plate to 60 °C. Water was added to slight cloudiness, and the 
solution was cooled, then filtered to yield 11.60 g of diamine. The filtrate 
from this crop was worked up In the same manner to give a second crop of 
11.40 g. Crystallization from acetone gave 20.4 g (82 percent) of purified 
diamine BDAO. 


Neat Polylmlde Resin Disks 

A stoichiometric mixture of PMDE and the diamine was dissolved In 4:1 
dcetone:N,N-d1methylformam1de at a solids concentration of 40 wt X. The 
solvent was removed In a rotary evaporator, and the residue was staged for 
0.5 hr at 175 °C to yield a molding powder. The molding powder (2 g) was 
placed In a cold circular matched metal die (diameter = 2.54 cm) and placed In 
a press preheated to 232 °C at contact pressure. When the die temperature 
reached 232 °C, a pressure of 13.78 MPa was applied, and the platen temperature 
Increased to 399 °C. The pressure was released and reapplied when the die 
temperature was 260, 288, and 316 °C. When the die temperature had reached 
399 °C , the mold was maintained at 399 °C and 13.78 MPa for 2 hr. 


Composite Fabrication 

Prepregglng solutions were prepared by dissolving a stoichiometric ratio 
of PMDE and BDAF In a 10:1 mixture of acetone:N,N-d1methylformam1de calculated 
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to yield a solids content of 40 vrt %. Prepreg tapes were P re P^ e J. F 

winding and Impregnating unsized Cellon 6000 graphite fiber with the PMDE/BDAF 
solutions. The prepreg tapes were air-dried on the drum at ambient conditions 
for 18 hr. The prepreg was cut Into twelve 10.16 by 10.16 cm plies and stacked 
unldlrectlonally Into a matched metal die. The prepreg stack was staged for 
1 hr at 120 °C . The molding cycle was Identical to that used for neat res n 
specimens, except that the fabrication was carried out at three different 
final cure temperatures (371, 399, and 427 °C), and two pressures (10.34 and 
13.78 MPa). The laminates were cooled to 204 °C or less prior to releasing 
the pressure and removal from the mold. The laminates were given a ree- 
standing postcure In air at 371 “C by Increasing the temperature from ambient 
to 371 °C at about 1.5 °C/m1n, then holding at 371 °C for 24 hr. 


Resin and Composite Testing 


Glass transition temperatures were measured with a thermomechanical 
analysis (TMA) apparatus, using a penetration probe under a load of 5 g. 
Environmental exposure of the resins and laminates was condo ted In a forced- 
draft oven at 371 °C with an ?1r change rate of 100 cm 3 /m1n. Laminate expo 
sure was also conducted at 371 °C at a pressure of 0.52 MPa. Flexural strength 
tests were performed In accordance with ASTM D-790 using a three-point oadlng 
fixture and a span of 5.08 cm. The flexural property values were normalized 
to 60 vol % fiber. Interlaminar shear strength tests were performed In 
accordance with ASTM D-2344 at a constant span/depth ratio of 4. The fiber 
content was determined by H 2 SO 4 /H 2 O 2 digestion. 

CONCLUSIONS 


Based on the results of this study, the following conclusions can be 
drawn: It appears that the polylmlde prepared from the dimethy lester of pyro- 

mellltlc acid ( PMDE) and 2 ,2-b1s[4- ( 4 1 -amlnophenoxy 1 )pheny 1 ]-l , 1 , 1 ,3 ,3, 3- 
hexafluoropropane (B0AF) has potential as a composite matrix resin for contin- 
uous exposure In air at 371 °C and atmospheric pressure up to 200 hr However, 
Its service life at 371 °C and elevated air pressures appears to be limited to 
48 to 72 hr. 
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TABLE I. - MONOMERS USEO IN POl YIMIDE SYNTHESIS 


Structure 


CH^OOC COOH 

HOOC ^y^-COOCH 3 


H 2 N C ^Q)- 0 -<g>- NH 2 

C ^3 

CH 

H 2 N ~ " H 2 

CH 3 

H ^ N ° S »2 -<gV 0 




'JH, 


H 2 f, -^ 5 ) o J ^)~ c ~( q )- 


>NH, 



Abbreviation 


PMDE 


BDAF 


BDAP 


BDAS 


BDAO 


PBAB 


H 0 rr~ 


MBAE 




TABLE II. - PROPERTIES OF NEAT POLYIMIDE RESINS 


Diamine 

Tg (° 

C) after postcure In 

Percent 3 


air at 371 °C, hr 

weight loss 


0 

24 

48 

12 


BDAF 

291 

387 

388 

390 

5.8 

BDAP 

270 

330 

334 

328 

9.0 

BDAS 

273 

325 

329 

330 

17.7 

BDAO 

279 

318 

317 

319 

9.4 

MBAB 

279 

334 

335 

332 

12.5 

PBAb 

305 

357 

360 

360 

19.9 


a After 72 hr exposure In air at 371 °C. 


TABLE III. - PROPER1 1 ES OF CELION 6000/PMDE- BDAF 
POLYIMIDE COMPOSITES CURED A1 3/1 °C a 


Final molding 


Void content, 

Interlaminar shearj 

pressure, 

MPa 

°c 

% 

strength, 

MPa 

25 °C ! 371 °C . 

10.34 

40/ 

8.5 

59.8 29.3 i 

13.78 

408 

8.6 

60.3 : 28.7 

. 1 . 


a Postcured for 24 hr In air at 371 °L. 


TABLE IV. - PROPERTIES OF CELION 6000/PMDE - BDAF POLYIMIDE COMPOSIIES 3 


j Final cure 

— 

Tg. 

Void 

Interlaminar 

Flexural^ 3 

Flexural* 3 

(temperature, 

°c 

content , 

shear strength, 

strength, 

modulus, 

1 °c 

t 


% 

MPa 

25 °C | 371 °C 

; MPa 

i 

i 25 °C 3/1 °C 

GPa 

■ ~r '■ 

25 °L - 3/1 °C 

[ - - 

• ■ • 


- ■ \ 

f' 

‘ 4 

399 

422 

4.6 

83.3 

40. / 

1500 / 58 

114 95. / 

427 

441 

5.0 

89.6 

35.9 

1420 620 

11/ 100 


a Postcured In air at 371 °C for 24 hr. 
^Normalized to 60 vol % fiber. 
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Eiqure 2. - Weiqhl loss ol Cei ion 6000 / PMDt -BDAE 
coiiipasites exposed in air at 371 U C. 
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Hqure 3. - Interlaminar shear strength of Cel ion 
6000/PMDl-BDAf coi'posites exposed and tested 
in air at 371 °C. 



fiqu s 4 . - flexural strength ot Celion 6000/PMDt- 
BPAF cofT.f exposed and tested in air at 3/1 °C. 
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\ * 


I 



r 


flexural modulus. 

GPi 



figure 5. - flexural Modulus of Celion 6000/PMD!- 
BDAf composites exposed and lested in air at 
371 °C. 
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